The symbiotic nitrogen-fixing bacterium Sinorhizobium meliloti harbors a gene, SMc02396, 2 which encodes a predicted outer membrane porin that is conserved in many symbiotic and 3 pathogenic bacteria in the order Rhizobiales. Here, this gene (renamed ropA1) is shown to be 4 required for infection by two commonly utilized transducing bacteriophages (ΦM12 and N3). 5
ropA1 homologs in many Rhizobiales species are often found as two genetically linked copies, 11 and that the intraspecies duplicates are always more closely related to each other than to 12 homologs in other species, suggesting multiple independent duplication events. 13
INTRODUCTION 15
Many infective phages are expected to exist for any given bacterial species, but outside of E. coli 16 and Lactococcus lactis very little is known about the cell surface receptors used by phages to 17 gain entry to the cell (1) . Adsorption of phage to the bacterial host is the key host range 18 determinant (2) . Phage adsorption takes place in two steps: first, reversible contact with the host 19 cell surface followed by irreversible binding to the host receptor (3, 4) . Any molecule exposed on 20 the bacterial cell surface is available as a phage receptor. Bacteriophage receptors in Gram-21 negative bacteria can be classified into four broad categories: outer membrane proteins, flagella, 22 pili, and extracellular polysaccharides. Within this last group, the lipopolysaccharide (LPS) layer 23 of Gram-negative bacteria is a common phage target. Outer membrane protein receptors can be 24 further divided into several subcategories: structural proteins, porins, enzymes, high-affinity 25 substrate receptors, and exporters (2) . A variety of tactics are employed by bacteria to prevent 26 phage infection, including alteration, down-regulation, or deletion of the receptor; obstructing 27 access to the receptor (through production of exopolysaccharides, lipoproteins, or competitive 28 inhibitors); blocking phage DNA entry (often a consequence of lysogeny); restriction of phage 29 DNA; CRISPR-mediated immunity; and even programmed cell death (1) . With respect to 30 alteration of the receptor, deletion or down-regulation can be costly for the bacterium (5), so 31 subtle sequence alteration is a relatively benign mechanism for evolving phage resistance. 
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Two transducing phages, ΦM12 and N3, are extensively used for transduction in the S. meliloti 34 laboratory strain Rm1021. ΦM12 was originally isolated from a commercial S. meliloti inoculant 35 manufactured in the United States (6) and N3 was originally isolated from soil obtained from an 36 alfalfa field in Coachella Valley, California (7) . Despite the distance separating their respective 37 collection sites, ΦM12 and N3 are predicted to be similar based on their reactions to antisera (6) . 38 Despite the frequent use of these phages, the corresponding bacterial receptors have never been 39 described. In this work we identify an essential outer membrane porin, RopA1, as a receptor for 40 both ΦM12 and N3. Furthermore, we show that RopA1 and LPS account for the entry pathways 41 used by all S. meliloti phages tested from a larger panel of diverse phage isolates. 42 
43

MATERIALS AND METHODS 44
Growth conditions and phage susceptibility assays. Escherichia coli and S. meliloti cultures 45 were grown at 37°C and 30°C, respectively, in lysogeny broth (LB) supplemented as follows: 46 CaCl 2 (Ca 2+ , 4 mM), chloramphenicol (Cm, 30 μg/ml), kanamycin (Km, 30 μg/ml), neomycin 47 (Nm, 100 μg/ml), streptomycin (Sm, 200 μg/ml), and tetracycline (Tc, 5 μg/ml). To evaluate 48 phage resistance, 2 µl of phage lysate (10 8 to 10 9 PFUs/ml) was spotted onto lawns of S. meliloti 49 on LB-Sm-Ca 2+ agar. 50
Isolation of phage-resistant mutants. S. meliloti Rm1021 was grown overnight in LB-Sm-Ca 2+ 51 broth and then 500 µl were subcultured into 3.5 ml. When the subculture had reached an OD 600 52 of approximately 1.0, a 30-µl aliquot of concentrated phage lysate (10 8 to 10 9 PFUs/ml) of either 53 ΦM12 or N3 was added to 400 µl of culture. After 0.5 h incubation, phage-infected cultures were 54 embedded in 10 ml of LB-top agar and incubated at 30°C for approximately three days until 55 on June 20, 2017 by guest http://jb.asm.org/ Downloaded from RopA1 structural prediction. After removal of a 22-aa signal sequence predicted by SignalP 78 4.0 (9) , which ends at the consensus peptidase cleavage site (AQA), the amino acid sequence of 79 RopA1 was tested for its consistency with a transmembrane β-barrel configuration using PRED-80 TMBB (10) (http://biophysics.biol.uoa.gr/PRED-TMBB/). 81
Phage adsorption assays. Cultures of S. meliloti strains were grown overnight in LB-Sm-Tc-82
, then subcultured and grown to an OD 600 of approximately 1.0 whereupon 30 µl of 83 concentrated phage lysate (10 8 to 10 9 PFUs/ml) was added to 400 µl of bacterial culture (or 400 84 µl of LB as an uninoculated control) and shaken at 225 rpm at 30°C for 1 h (the predetermined 85 time point at which maximum phage adsorption was observed in wild-type S. meliloti Rm1021). 86
Cultures were then centrifuged for 30 s at 13.2k rpm. The supernatant, which contained 87 unadsorbed phage particles, was then serially diluted, added to a fresh 400-µl culture of wild-88 type S. meliloti Rm1021, shaken at 225 rpm at 30°C for 0.5 h, embedded in 10 ml of LB-top 89 agar, and incubated at 30°C overnight. Following incubation, plaques were counted and used to 90 determine the concentration of unadsorbed phage in the original culture and then compared to the 91 uninoculated control (total phage): 92 % phage adsorbed total phage unadsorbed phage total phage Genetic knockouts. Disruption-integration plasmids were introduced into S. meliloti Rm1021 93 via triparental mating performed on LB agar. Mating lawns were suspended in LB supplemented 94 with 10% glycerol, serially diluted, and plated on selective medium (LB-Sm-Nm). PCR checks 95 to verify plasmid integration into intended targets were conducted using a vector-specific primer 96 (oJG1243) and a primer upstream of the intended integration site (see Table 2 ). 97
Genomic alignments. The following sequences (GenBank accession numbers in parentheses) 98 were downloaded from the NCBI ftp website (ftp://ftp.ncbi.nih.gov/genomes/Bacteria/): 99 meliloti Rm1021 SMc02396 (CAC45624.1), Sinorhizobium meliloti Rm1021 SMc02400 123 (CAC45628.1). Sequences were aligned using the MUSCLE web server (12) 
RESULTS
131
S. meliloti mutations conferring resistance to ΦM12 and N3 map to ropA1. To 132 transductionally map mutations which confer resistance to transducing phages presents obvious 133 challenges. As a workaround, we acquired a mutation conferring specific resistance to ΦM12 and 134 mapped it using N3; conversely, a mutation conferring specific resistance to N3 was mapped 135 using ΦM12. All such resistance mutations mapped to the chromosomally encoded gene 136 SMc02396 (Fig. 1A) . SMc02396 encodes a putative outer membrane porin predicted to form a 137 16-pass transmembrane β-barrel. Due to the similarity of SMc02396 to ropA (rhizobial outer 138 membrane protein A) in Rhizobium leguminosarum bv. viciae 248 (15), we propose that 139
SMc02396 be renamed ropA1. Approximately 2 kb downstream of ropA1 is a similar gene, 140 SMc02400, which also encodes an outer membrane porin. Based on its similarity to ropA1 (78% 141 amino acid identity), we propose SMc02400 be renamed ropA2. Despite this similarity, none of 142 our phage resistance alleles mapped to ropA2. RopA1, we measured adsorption of both phages to ropA1 mutants that were resistant specifically 152
), resistant specifically to N3 (ropA1
ΔN124-D125
), or resistant to both 153 (ropA1 ΔG203-V204 ) in the presence of an empty vector (pRF771) or a plasmid-borne copy of 154 constitutively-expressed ropA1 (pJG396) (Fig. 1B) . In the case of ΦM12, expression of wild-155 type ropA1 from pJG396 completely restored ΦM12 adsorption (p<0.001). However, we 156 observed only slight restoration of N3 adsorption upon reintroduction of ropA1 on the plasmid 157 (p<0.1). In the presence of an allele that simultaneously confers resistance to ΦM12 and N3, 158 pJG396 is more effective for restoring adsorption of ΦM12 than of N3. In a plaquing assay, 159 pJG396 restored ability to form plaques in ropA1 mutant backgrounds resistant to ΦM12, but not 160 for backgrounds resistant to N3 (Fig. 1B) . Even when a given mutation conferred resistance to 161 both phages, pJG396 restored plaquing by ΦM12 but not by N3. 162
163
Considering the possibility that resistance to N3 may act dominantly, we cloned ropA1
ΔN124-D125
and ropA1
ΔG203-V204 into pRF771 and introduced them into wild-type S. meliloti Rm1021. 165
Ectopic expression of these resistant forms of RopA1 did not prevent N3 from forming plaques 166 on the transformed strains (data not shown), suggesting they are not dominant. To test whether 167 ropA1 requires its native promoter for proper complementation, we cloned a copy of ropA1 that 168 includes 720 bp of upstream untranslated sequence and 300 bp of downstream untranslated 169 sequence. This fragment was ligated into pRK7813 (16) in both possible directions. These 170 forward-and reverse-orientation clones behaved exactly like the constitutively expressed clone, 171 in that they could restore ΦM12 plaque formation but not N3 plaque formation (data not shown). 172
RopA1 and/or LPS are involved in phage infection for all phages tested. In addition to 174
ΦM12 and N3, we have acquired eight other S. meliloti phages from diverse sources (see Table  175 1). To test whether the requirement for ropA1 was unique to ΦM12 and N3, or whether it was a 176 general requirement for more phages in our collection, we tested all of our mutant strains against 177 every phage (Table 3) . Since LPS has previously been reported as a receptor for some of the 178 phages in this collection (17), we also included an lpsB mutant. LpsB is a glycosyltransferase 179 that may have a role both in incorporating mannose into Kdo 2 -lipid IV A as well as constructing 180 the LPS core using ADP-or UDP-glucose (18, 19) . Disruption of lpsB results in drastic alteration 181 of the LPS core in S. meliloti (17) but does not prevent attachment of the O antigen (20) . Two out 182 of ten phages required lpsB only (ΦM10 and ΦM14), four out of ten required ropA1 only (ΦM7, 183 ΦM12, ΦM19, and N3), and four out of ten required both lpsB and ropA1 (ΦM1, ΦM5, ΦM6, 184 and ΦM9). The last four probably use both LPS and RopA1 as co-receptors. The similarity of 185 RopA1 with the RopA2 protein encoded downstream of ropA1 prompted us to also test phage 186 resistance in a ropA2-disrupted strain. None of the phages tested required ropA2 (Table 3) . (Fig. 2) . For these ten plasmid insertion targets, PCR-based tests were designed to 201 confirm that the intended integration events had occurred. Given that ropA1 and ropA2 are so close together spatially, we performed a genomic alignment 218 of S. meliloti Rm1021 with the same organisms used in the phylogenetic analysis (Fig. 3B) should also be noted that in contrast to most Rhizobium strains, Rhizobium leguminosarum bv. 229 viciae 248 (which could not be included in the genomic alignment since it's genome has not yet 230 been sequenced) has two copies of ropA in close proximity to each other (23) . 231
232
DISCUSSION 233
RopA1 is highly expressed in free-living S. meliloti (25) and likely forms a major portion of the 234 S. meliloti outer membrane protein population. Thus it is a convenient target for phage binding. 235 We have shown that certain alterations in the RopA1 amino acid sequence prevent infection by 236 eight of the ten S. meliloti phages tested (Table 3 ). In the case of the two transducing phages 237 on June 20, 2017 by guest http://jb.asm.org/ Downloaded from (ΦM12 and N3), every phage-resistant mutant tested was mutated in ropA1. Additionally, the 238 adsorption of ΦM12 and N3 to various ropA1 mutant strains was reduced (Fig. 1B) . This 239 confirms the role of RopA1 as a receptor for these phages. Previous work in Rhizobium 240 leguminosarum correlates phage resistance with a loss of an antigen (26) later identified as 241
RopA, but definitive experiments to test RopA as a susceptibility factor or receptor were not 242
performed. 243 244
This system is unique in that both ΦM12 binding and DNA injection (as evidenced by the 245 formation of plaques) are completely restored by plasmid-based expression of ropA1, but for N3, 246 binding is only partially restored and plaque formation is not observed (Fig. 1B) . The incomplete 247 complementation phenomenon is not allele-specific, but phenotype-specific. Additionally, the 248 apparent lethality brought about by a ropA1 disruption seems not to be complemented by a 249 plasmid since repeated attempts to delete or disrupt ropA1 in the presence of a complementing 250 plasmid have failed (data not shown). This is why our evidence for the essentiality of ropA1 has 251 to depend on well-controlled negative data (Fig. 2) . We cannot currently explain the mechanistic 252 basis for this incomplete complementation phenomenon. 253
254
Only ΦM10 and ΦM12 of our panel of ten phages did not exhibit a requirement for RopA1 for 255 infection (Table 3) . LPS is also a major component of the Gram-negative bacterial cell surface 256 and frequently occurs as a phage receptor (4). Our observation that the lpsB mutant was resistant 257 to six of the ten phages is in agreement with a previous report (17) . Three of the remaining 258 phages in that study (ΦM7, ΦM12, and ΦM19) were Escherichia coli (30, 31) , Pseudomonas aeruginosa (32) , Haemophilus influenzae (33) 
, or 275
Salmonella enterica (34) . The omp2b gene of Brucella melitensis (a ropA1 homolog) has been 276 reported to be essential but no experimental evidence is given (21) . The porB gene of Neisseria 277 gonorrhea has also been reported to be essential, but again no experimental evidence is given 278 (35, 36) . Since both ropA1 in S. meliloti (this report) and omp2b in Brucella melitensis (21) are 279 believed to be essential, it may be that ropA homologs are essential in most Rhizobiales species 280 which possess them. One possible exception would be the single ropA homolog in Bartonella 281 henselae, omp43, which has been successfully disrupted (37) . 282 on June 20, 2017 by guest http://jb.asm.org/
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Homology-based searches of sequence databases do not suggest a specific function for RopA1. 284
The ropA1 expression pattern, as revealed by several studies, points to a specific role for ropA1 285 in growing cells, since terminally differentiated bacteroids tend to display very low levels of 286 ropA1 expression. Bacteroids are non-growing, differentiated, nitrogen-fixing forms of rhizobia 287 that occupy host cells within the root nodule. Root nodules can be broadly classified as 288 determinate or indeterminate based on whether the nodule has a persistent apical meristem. 289
Bacteroids in determinate nodules can de-differentiate upon release from nodule cells, but 290 bacteroids in indeterminate nodules are terminally differentiated (38) . Both ropA1 and ropA2 of 291 S. meliloti are highly expressed in free-living conditions (25) but strongly down-regulated in the 292 terminally differentiated bacteroids of M. truncatula (39) . Down-regulation of ropA and ropA2 in 293 R. leguminosarum has been observed for several hosts that form indeterminate nodules (pea, 294 broadbean, vetch, clover), but in a host that forms determinate nodules (common bean) neither is 295 down-regulated (40) . There is, therefore, a remarkable correlation between cells that are 296 competent for proliferation and the expression of ropA1. 297
298
The frequent occurrence of ropA1 duplication at a conserved locus in multiple species (Fig. 3B)  299 suggests some plasticity in this region of Rhizobiales genomes. Acquisition, loss, or duplication 300 of genes may be due to the insertion and incorrect excision of prophage genomes (41) . 
